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Introduction
Owing to its critical temperature (T c ) of 39 K. which is intermediate between those of classical low temperature superconductors and high-T c cuprates, associated to advantages such as low materials costs, absence of weak links at grain boundaries [1] and straightforward processing as metal-sheathed wires [2] , MgB 2 is an outstanding material in view of small and large scale power applications. During recent years, various prototypes have been developed, including cryogenfree MRI systems [3, 4] and induction heating units [5] , while other applications including generators, transformers, fault current limiters as well as magnetic shields for deep-space missions are foreseen for a near future [6, 7] . Furthermore, based on the low activation of MgB 2 upon neutron irradiation [8] , MgB 2 wires are serious contenders for use in future commercial fusion reactors. Nevertheless, for this latter usage as well as some specific applications involving high magnetic fields, improvements are still needed to enhance the critical current density (j c ) performance of MgB 2 wires. In this endeavour, different strategies can be adopted like grain size refinement [9,10], nanoparticle inclusions [11] [12] [13] or doping with other elements.
Introducing carbon on the boron sites was shown to be very efficient under high magnetic fields [14] [15] [16] [17] , but tends to decrease the self-field j c so that further improvements are still needed if performance has to be improved in a wide magnetic field range. Beside boron site doping, numerous attempts have been made at doping various elements on the Mg sites. Unfortunately, while Al can replace up to 40 at.% Mg [18] [19] [20] [21] , for other elements solubility is limited to a few percent in most cases [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and is often below detection limit [41] [42] [43] [44] [45] [46] .
Platinum group metals present various behaviours. Pd and Pt are virtually not soluble in MgB 2 [41] , whereas about 1 at.% Ru and Os can be substituted for Mg [34, 35] . Rh has a slightly higher solubility limit of 2.2 -2.5 at.% [40] . Iridium appears to be an exception with a maximum A C C E P T E D M A N U S C R I P T 4 solubility limit of 6 at.% relative to Mg according to a study performed on bulk samples [36] . In that work, the effect of Ir substitution on the critical current density (j c ) was not reported.
Furthermore, the determination of 6 at.% as a solubility limit was not straightforward, because T c as well as the lattice parameters given in [36] were continuously varying up to 12 at.%, whereas impurity peaks were already visible in the XRD patterns for 2 at.% Ir doping. It was thus of interest to reassess the solubility limit of Ir in MgB 2 and to study its possible effect on j c . In principle, substitutions on the Mg sites are not expected to result in j c improvements due to enhanced interband scattering [47, 48] . However, other effects such as the appearance of nanometer sized non-superconducting particles beyond the solubility limit of dopants or inhomogeneities in the dopant concentration might positively affect the behavior of MgB 2 under applied magnetic fields so that potential substitutions on Mg sites are still worth studying.
Experimental details
The starting reagents were elemental powders: Mg (Alfa Aesar, 99.8 % purity), amorphous boron (Aldrich, 95-97 %) and Ir (Alfa Aesar, 99.8 %). They were mixed according to the following nominal ratios: Mg 1-x Ir x B 2.04 (0.00 ≤ x ≤ 0.02 with Δx = 0.01). The slightly B-enriched starting stoichiometry is based on a earlier work taking into consideration the impurities (including some Mg) present in the B commercial powder used for the present work [49] . Mixing was performed in a mechanical blender (Bachofen, type T2C). The mixed powders were then loaded into 4 cm long Nb tube sections with 5 mm external diameter and 0.3 mm wall thickness (Goodfellow Ltd). These tubes were mechanically deformed by groove rolling into wires with 4.0 mm external diameter and inserted into Cu tubes (Goodfellow Ltd., 5 mm external diameter, 0.5 mm wall thickness). The composite tubes and the powder core were further deformed into wires with square cross section of about 1.6 x1.6 mm 2 . 6 cm long pieces of the wires were heat conditions. For the estimation of the critical current density, magnetisation hysteresis loops were recorded with the magnetic field parallel to the long axis of the wires and j c was calculated using the Bean model. The accommodation field (B*) was determined as the magnetic field at which j c is reduced to 90% of its value under self-field conditions.
Results and discussion Figure 1 shows the XRD patterns of the powders mechanically extracted from the wires reacted during 1 h at different temperatures. While MgB 2 is the dominant phase in all cases, there are some important differences to note. Unreacted Mg is still present in the undoped sample reacted at 700°C, showing that these conditions are not good enough for ensuring the completion of the M A N U S C R I P T [51] so that it can be excluded that this impurity is formed during the reaction at 700°C. Furthermore, no Cu was detected in the core of this wire by EDS analysis. These peaks can in fact also be due to unreacted boron. Indeed, the commercial boron powder used for this study, although labelled as "amorphous", presents broad XRD reflections at 2θ angles corresponding to the values listed above. This conclusion is more compatible with the observation of unreacted Mg. A reflection at 2θ ≈ 40.8° in the sample with 2 at.% Ir substitution for Mg, reacted at 700°C, could be due to elemental Ir.
The lattice parameters are listed in Table 1 . There is no obvious trend for a systematic influence of the Ir content on the a-axis or c-axis length. This is very different from the result in [36] , according to which at 2 at.% Ir substitution for Mg, the a-axis length was reported to increase by 0.0008 Å and the c-axis length to decrease by as much as 0.08 Å. Nevertheless, the XRD patterns of the present samples contain much less impurity peaks than in [36] for the same Ir doping level. happen to be stable up to 1020°C and 920°C respectively according to Nayeb-Hashemi and
Clark [52] . The dark grey particles were confirmed to consist of B-rich magnesium borides with preponderance of MgB 7 , whereas MgB 4 and MgB 12 are less frequent. Another type of defect is emphasized in Fig.3a by a circle. In this area, only Mg was detected in association with oxygen.
This is therefore a cluster of MgO, a phase which is also evidenced in the XRD patterns by a peak at 2θ ≈ 62.2° ( Fig.1 [34, 35] . This is further supported by the superconducting critical temperature (T c ) that is only slightly affected by the presence of Ir (Fig.4 and Table 1 ). Except for the samples reacted at 700°C, there is a tendency for a lowering of T c with increase of the Ir content, but it is much smaller than reported in [36] based on electrical resistivity measurements that were showing a T c of 33.2 K for 2 at.%
Ir doping. The inset in Fig.4 shows typical data for the three doping levels (reaction at 800°C). to x = 0.02 in the samples reacted at 700°C and 800°C fits well with a solubility limit situated in between these two values. Furthermore, the fact that stoichiometry variations affect the T c of the MgB 2 phase is not supported by studies on single crystals [58] , so that the presently observed effect is most probably due to Ir substitution in the MgB 2 lattice.
The critical current density of the wires was calculated from M(H) hysteresis loops using the Bean model with the following formula corresponding to elongated samples with the longest dimension parallel to the applied magnetic field:
where ΔM is the opening of the volume magnetisation hysteresis loop, a and b are the linear dimensions of the cross-section of the superconducting core of the wire perpendicular to the applied magnetic field (a < b), and V the volume of the superconducting core.
A C C E P T E D M
A N U S C R I P T Table 1 . At 30 K, B* is systematically highest in the undoped wires for all reaction temperatures. Nevertheless, with decreasing temperature, the B* values increase faster in the doped wires so that at 10 K, the B* of the 1 at.% doped wires is comparable to that of the undoped wire notwithstanding of reaction temperature. 
where f(b) is the pinning force F p divided by the maximum value of F p (=F pmax ) and b = B/B Fpmax is the applied magnetic field B divided by the field corresponding to F pmax .
At 10 K, the data for all samples show a similar dependence below the pinning force maximum, with a shape close to that predicted for ΔT c pinning. At higher fields, the samples with 1 at.% Ir doping or without Ir continue following the same model, whereas the 2 at.% samples all depart from this trend and their behavior becomes closer to the surface pinning model. As the temperature is increased, the behavior of the undoped and 1 at.% Ir doped wires is unchanged, but that of the 2 at.% Ir doped wire is moving more towards surface pinning, also at low applied magnetic fields.
Of course, the fact that the normalized pinning force follows a particular pinning model does not necessarily mean that this kind of pinning is the only one at play, but generally reflects the dominant pinning mechanism. Surface pinning is playing an important role in MgB 2 polycrystalline samples [60] and is most probably also acting in the samples produced within the present study. However, here ΔT c pinning is obviously rather important in most samples, which may be due to inhomogeneities, themselves resulting from the fact that the reacted powder inside
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11 the wires cannot be extracted, homogenized by mechanical means and reacted again.
Interestingly, Ir doping tends to shift the F p /F p max curves towards the surface pinning behavior.
This could be due to either weakening of the ΔT c pinning or a relative increase of surface pinning. The latter effect could result from a decrease of the MgB 2 grain size but no evidence was found for XRD peak broadening. On the other hand, the Mg-rich side of the Ir-Mg binary phase diagram [52] shows that interaction with Ir induces a lowering of the melting point of Mg, with formation of a molten phase at 615°C (eutectic). This means that adding Ir can increase the amount of liquid during reaction, which can potentially help homogenizing the MgB 2 phase and thus decrease the ΔT c pinning contribution. The admixture of various elements such as Ag, Cu, Bi, Sb, Ge, Sn and In that also result in a decrease of the Mg melting temperature, has been the topic of a few previous publications [8, [61] [62] [63] [64] [65] [66] . Unfortunately, the effect of these additives on the flux pinning mechanism behavior does not appear to have been documented except in the case of
In, where a similar tendency was observed, although in that case the samples consisted in bulk pellets [46] . Systematic studies would be useful to find out whether elements inducing a lowering of liquid phase formation should be avoided, or the use of such elements requires developing specific heat treatments for minimizing the weakening of ΔT c pinning.
Conclusion
Under the present experimental conditions, i.e. in-situ reaction at 700°C, 800°C or 900°C for 1 h inside Cu/Nb-sheathed wires the amount of Ir that can be substituted for Mg in MgB 2 is limited to 1.6 at.% at most. Impurity phases consisting of IrMg 3 and IrMg 4 with diameters reaching up to 4 μm form in the MgB 2 matrix. T c is slightly lowered by Ir substitution. On the other hand, the critical current density is decreased and the flux pinning strength is weaker in the doped samples.
A progressive shift from ΔT c pinning to surface pinning mechanism was observed in Ir-doped
samples, especially at 30 K. The solubility limit of Ir is lower than previously reported and is similar to that of other platinum group metals (Ru, Rh and Os), with comparable effects on T c .
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